To understand the role of the ocean roughness length, and find its sensitivity to the simulation of a regional climate model for the 1994 east Asian summer monsoon case, three experiments were performed providing different ocean roughness lengths. In order to analyze the role of the roughness length only, all other variables were fixed during the 92 summer days of the simulation period, except that different ocean roughness lengths in magnitude.
Introduction
Regional climate is governed by large-scale circulations and small-scale physical processes including complicated surface-air interactions. In particular, the east Asian summer monsoon is characterized by seasonal and regional features, which develop through the interactions of sea, land and atmosphere. This monsoon circulation is closely related to the physical processes and scale interactions among various features, such as the Indian monsoon; ENSO; snow cover over the Tibetan Plateau; con-vective activity in the South China Sea; the strength and location of the Western Pacific sub-tropical high and mid-latitude disturbances (Krishnamurti 1979; Lau and Li 1984) .
It is well known that air-sea interaction plays an important role in influencing the atmospheric circulations. In the past few decades, there has been an increasing interest in the description and measurement of the exchange of momentum, and heat fluxes at the air-sea interfaces (Charnock 1955; Deardorff 1968; Hidy 1972; Smith and Banke 1975; Wu 1980; Hasse and Smith 1997) . But, in order to accurately present the fluxes, there still exist numerous uncertainties and problems to be solved. Momentum and heat flux exchanges are determined to a large extent by the aerodynamic roughness length and the drag coefficient at the air-sea interface. It is the roughness length that determines the turbulence level near the air-sea interface and the wind stress. The major differences between flows over land and sea are attributed to the large heat capacity of the ocean, and the mobile wavy nature of the ocean surface.
Traditionally, the roughness length is determined by Charnock's relation (Charnock 1955) as a function of surface wind stress. The value of the Charnock's constant (non-dimensional) a c depending on the surface conditions is approximately 0.01@0.048 for an average wind speed of greater than 5 ms À1 . However, the form of this relationship is not well adapted, partly because of the different observed background between field and laboratory waves, and various observed values. Mesoscale models largely prescribe a c as 0.032. Garratt (1992) mentioned that although the effect of ocean waves, which causes flux exchanges at the air-sea interface is calculated by Charnock's relation, the constant values are not appropriate for a realistic application. The roughness at the air-sea interface is composed of a great variety of moving waves differing in height, shape and phase speed. Moreover, these waves are subjected to continuous and irregular changes (Wu 1980) . Recent observation and modeling studies (Hasse and Smith 1997; Johnson et al. 1998; Bao et al. 2000) indicate that the coefficient of wind stress is a function of the roughness length, wind speed, wave age and ocean state. Powers and Stoelinga (2000) encouraged that higher resolutions and sophisticated parameterizations offer the promise of reproducing with greater detail the air-sea interactions governing mesoscale weather and marine conditions. The summer of 1994 was characterized by a record-breaking high temperature and drought in east Asia. The northward migrating monsoon front underwent an abrupt change in June, and also the anomalous North Pacific subtropical high over the regions of Korea, Manchuria, and northern China during July, causing drought and high temperatures for the summer of 1994. This phenomenon was not properly simulated in a simulation of the 1994 east Asian summer monsoon using the NCAR regional climate model (RegCM2) in which a low value of ocean roughness length was used (Lee and Suh 2000) . In the ten-year (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) east Asian summer monsoon simulation studied by Lee and Suh (2000) , RegCM2 simulated comparable upper level fields to the NCEP reanalysis data for the 1994 case, but did not reproduce lower level variables including the surface, as much as in the upper levels. For example, although the model simulated a general trend of the temporal evolution of precipitation over Korea, the shortcomings in reproducing precipitation due to monsoon onset and typhoon activities were clearly shown in the 1994 east Asian summer monsoon case, which will be deliberated in section 3. There are many possibilities to improve the simulation of this extreme climate, such as surface specifications, lateral boundary conditions and physical processes of the model. As one of the factors, it is useful to examine the role of the ocean surface roughness length for the improvement of simulation because mesoscale models use an ocean roughness length of 0:4 Â 10 À3 m, that is considerably low compared to observed values.
As an approach to improve the ocean surface condition, we designate much higher value of the roughness length than that used in the previous studies for the simulation of the east Asian summer monsoon. Although the roughness length can be parameterized in various formations as mentioned above, employing a parameterization method in a climate simulation can make it difficult to understand how the change in the roughness length affects the atmospheric circulations and surface climate variables. Therefore, it is worthwhile to investi-gate the impact of the roughness length on the atmospheric circulations in a regional climate simulation simply by applying the change in magnitude of the surface roughness in a model. We use the ocean roughness length of 1:2 Â 10 À3 m, which is approximately close to an averaged value calculated from Charnock's formula for this case and three times greater than the constant values.
In section 2 the regional climate model and simulation design are described, and the results are discussed in section 3. Finally, summary and conclusions are provided in section 4.
Method and simulation

Brief description of the model
Regional Climate Model Version 2 (RegCM2; Giorgi et al. 1993a, b) is based on the PSU/NCAR (Pennsylvania State University/National Center for Atmospheric Research) MM4 (Mesoscale Model Version 4; Anthes et al. 1987) . It has been augmented by implementing some physical processes suitable for long-term climate simulations such as radiative transfer, land-surface physics and non-local planetary boundary layer (PBL) schemes. The model can be integrated over a limited area with initial and boundary conditions provided either by general circulation model (GCM) outputs or largescale observational fields.
The dynamic components of RegCM2 are primitive equations, terrain following s-vertical coordinate model, where s ¼ ðp À p t Þ=ðp s À p t Þ, p is the pressure, p t the pressure specified to be the model top, and p s the prognostic surface pressure. The model for this experiment has the model top at 100 hPa in the 15 vertical layers. The model uses a staggered horizontal grid, and the integration is done using a splitexplicit time integration technique. Physical parameterizations incorporated into the model for this application are BATS (BiosphereAtmosphere Transfer Scheme; Dickinson et al. 1993) , an explicit planetary boundary layer formulation (Holtslag et al. 1990 ), a detailed atmospheric radiative calculation package (Briegleb 1992 ), a Kuo-type cumulus parameterization scheme (Anthes 1977 ) and a simplified explicit moisture scheme (Hsie et al. 1984) .
The BATS describes the effect of vegetation and interactive soil moisture on the surfaceatmosphere exchanges of momentum, heat, and moisture. The full hydrologic cycle of a surface soil layer of 10 cm depth and a root zone layer of 1@2 m depth is represented, which accounts for the effect of precipitation, snow pack formation and melting, water interception and drip from the canopy foliage, evapotranspiration, surface runoff, and infiltration into deep soil (Dicksinson et al. 1993 ).
2.2 Calculation of drag coefficients and fluxes in the model Drag coefficients over the ocean are quite variable. Thus, in the BATS, the drag coefficient C D is calculated as a function of C DN , the drag coefficient for neutral stability, and Ri b , the surface bulk Richardson number, such as given by Deardorff (1972) , i.e.,
The neutral drag coefficient is obtained from the mixed-layer theory as
where k is the von Karman constant (¼0.40), and z 0 the roughness length. For water surfaces, the model uses z 0 ¼ 4:0 Â 10 À4 m so that C DN ¼ 1:56 Â 10 À3 . The bulk Richardson number is calculated as
where g is the acceleration due to gravity, z l the height of the lowest model level, y gl the potential sea surface temperature (SST), y a the potential air temperature, V a the magnitude of wind at the anemometer level. The sensible and latent heat fluxes over the water surface are obtained using the above defined momentum drag coefficients as follows:
where r a is the surface air density, C P the specific heat for air, L v; s the latent heat of evaporation or sublimation, q g the saturated specific humidity at the temperature of the sea surface, q a the specific humidity of the model lowest level. It is common to apply different values for drag coefficients, consequently roughness length of heat, moisture and momentum fluxes as stated by Garratt (1992) . The BATS does not make difference in these coefficients, assuming the similarity between them Dickinson et al. (1989) showed that for simplicity the similar values of the coefficients did not cause significant changes in climate modeling. Generally, in the neutrally stable atmosphere the order of z 0 is known to range about 10 À4 to 10 À3 m (Stull 1988) . However, since the east Asian summer climate is strongly governed by monsoon flows, the fixed surface roughness value of 0:4 Â 10 À3 m used in RegCM2 could be too small. Figure 1 shows the values of z 0 in June of 1994 calculated from Charnock's formula using a non-dimensional constant a c ¼ 0:032. The calculated z 0 values are much larger than 0:4 Â 10 À3 m giving a maximum value of larger than 0:3 Â 10 À2 m over the East China Sea, especially south of Japan, except for some coastal areas.
Over the ocean surfaces, C DN is nearly constant so that C D is calculated using atmospheric stability and wind speed at each grid point.
From the equations (1)@(5), we can expect in this sensitivity test that the change in the roughness length will alter heat, moisture, and momentum fluxes over the ocean and consequently modify the wind field and stability of the lower atmosphere. In the case of three times larger ocean roughness length, the drag coefficient increases fairly but the reduction of wind speed, increase (decrease) of moisture (temperature) differences between the surface and anemometer level occur slightly. This will be described later in detail. Owing to the more frictional effect to the wind speed, the larger ocean roughness length plays a role to increase moisture convergence due to decreased wind speed near the surface which provides favorable condition for precipitation, and consequently latent heat flux increases because the air-mass above the sea surface tends to be dried out by precipitation. On the contrary, the sensible heat flux decreases not only because of greater air temperature than ocean surface temperature in summertime but also the evaporation cooling effect.
Simulation design
Figure 2 depicts the model domain including the topography height and the time-latitude cross-section line used for this study. The horizontal resolution is 50 km, and the domain covers 5200 km Â 5250 km area encompassing eastern Asia and the northwestern Pacific regions centered at 35 N, 125 E. From the northeast to the southwest portion of the domain, it is clearly identified that the east Asian region is characterized by land-ocean coastal distribution, implying that this region is strongly influenced by the land-ocean-air interactions. The model-driving initial and lateral boundary values for wind, temperature, humidity and surface pressure are interpolated from the NCEP/NCAR reanalysis data (Kalnay et al. 1996) . Lateral boundary values are provided every 12 hours by an exponential relaxation method (Giorgi et al. 1993b) .
To understand the role of the ocean roughness length in the RegCM2 and find its impact on the regional climate simulation for the 1994 east Asian summer monsoon case, three experiments of the ocean roughness length are performed. The control simulation (CTRL) uses a fixed value of the roughness length of À3 m, which is not only three times as large as in CTRL but also an approximately averaged value calculated from Charnock's formula, and C DN ¼ 1:96 Â 10 À3 (see Fig. 1 ). In the third experiment (ZOEXP2) the roughness length (0:4 Â 10 À2 m) of ten times greater than in CTRL is used. For the three experiments all other variables are fixed during the summer 3-month simulation period except that the changes in magnitude of the roughness length over the ocean are made.
The 1994 summer in east Asia was characterized by a record-breaking heat and drought event (Park and Schubert 1997; Kim et al. 1998) . The summer mean anomalous patterns of the 1994 summer are analyzed using the 25-year climatological mean NCEP/NCAR reanalysis data (Fig. 3 ). As seen in Fig. 3a , most of the east Asian region except for southern China and ocean area is covered by a positive anomalous sea level pressure (SLP) area. The positive anomalous ground temperature ðT g Þ of greater than þ1 C covers northern China, Korea, and Japan with a maximum higher than þ2 C in northern region of Korea (Fig. 3b) . A strong negative anomalous of precipitation (mm day À1 ) area exists over central China, Korea, and Japan having a maximum value of 5 mm day À1 near the southern part of Japan, while there is a strong positive anomalous area along the 20 N latitude line including southern China (Fig. 3c) . The 500 hPa geopotential height (GPH) anomaly field ( Fig. 3e) is of high positive anomaly north of 25 N with a maximum of greater than þ45 gpm centered over northern part of Korea, indicating that the mid-latitude traveling disturbances are not well developed for the summer of 1994. The patterns of ground temperature and 500 hPa geopotential height anomaly are quite consistent with each other in the tropospheric structure. Not only the 200 hPa zonal wind is much weakened between about 27 and 43 N in 1994 ( Fig. 3d ) but also the 850 hPa zonal wind is also weakened in the main monsoon flow region, resulting in less transport of heat and moisture from the lower latitudes toward the mid-latitudes (Fig. 3f ) . It is known that climatologically the strength of the upper level zonal wind component corresponds well to precipitation intensity and amount in the mid-latitudes for the east Asian monsoon season. The stronger upper level zonal wind, the more precipitation occurs. Note Fig. 3c and 3d for the year 1994.
Data
The NCEP/NCAR reanalysis data is used to provide the initial and lateral boundary conditions, and to validate the simulation results. The reanalysis is a three-dimensional atmospheric data set, with the horizontal resolution of 2.5 Â 2:5 in the horizontal, and 17 levels in the vertical with time intervals of 6 hours. The contents used in this study are three dimensional geopotential height, temperature, mixing ratio and wind ðu; vÞ from 1000 to 100 hPa, and two dimensional surface pressure and ground temperature interpolated to the model topographical surface level.
The Integrated Global Ocean Service Systems (IGOSS) weekly SST data (Reynolds and Smith 1997 ) are used to provide sea surface boundary conditions in the model domain. The SST is updated every day after interpolated to the model grids bi-linearly in space, and linearly in time from the original weekly 1 Â 1 spacing data. In addition, Global Precipitation Climatology Program (GPCP) data are used to understand the precipitation characteristics of the 1994 summer and to compare with the model simulations. GPCP data were constructed by a composite of surface observation data, and satellite data over land, with a resolution of 1 Â 1 combined with satellite infrared-and microwave sensor-derived data over ocean with a resolution of 2:5 Â 2:5 . Two data sets of observed daily precipitation are also used to investigate the temporal evolution of the rainfall in the sub-regions of the regional climate model. One is the Global Summary of Day/Month Observation archived by Climate Prediction Center (CPC) of NCEP over the China and Japan, and the other is the surface observation by Korea Meteorological Administration (KMA) over the southern Korea peninsula.
Simulation results
Control experiment (CTRL)
CTRL results are analyzed and compared with NCEP/NCAR reanalysis data to evaluate the performance ability of RegCM2 in simulation of the east Asian summer monsoon. The CTRL mean sea level pressure, 850 hPa wind, ground temperature and precipitation rate are shown in Fig. 4 . RegCM2 simulates the thermal trough over the land and the subtropical high over the ocean with a slightly large horizontal gradients of surface pressure between land and ocean. The CTRL 850 hPa wind is well characterized by the pattern of convergence over central China and the Korean Peninsula forming by westerly wind in the northern model domain, southwesterly wind in the southwestern model domain and southeasterly wind in the southeastern model domain. The three different wind fields well exhibit different origins of summer monsoon wind in this region. The ground temperature is relatively high over the central east coast of China with a maximum value near the Tsingtao Peninsula. Major monsoon rain areas over southern China and the region south of Japan are also simulated. A region of weak precipitation rate extends toward north of the major monsoon rain region, including central China and Korea. Figure 5 shows the difference fields of sea level pressure (SLP), ground temperature ðT g Þ, precipitation rate, 500 hPa geopotential height and surface wind vector with its magnitude in the summer 1994 between the control simulation and the reanalysis data, which correspond to those of Fig. 3 . The SLP difference field (Fig.  5a) is negatively biased over land and positively biased over ocean with a minimum and maximum intensity of À5.2 and þ3.4 hPa, respectively, approximately separated by the coastal lines, except in southern China. There are large negative areas in SLP difference over northwestern China, which consist of dry and complicated topography. The CTRL ground temperature (Fig. 5b) is relatively much colder over northeastern China and Mongolia, cooler over southern China, and much warmer over central China than in the reanalysis. There are nearly no differences in T g over the ocean since SST has been prescribed as the observed data. CTRL simulates more precipitation over the land areas except in southern China while it does less precipitation over the ocean, where the major monsoon front extends from southern China through the south of Japan (Fig. 5c) . The simulated 500 hPa geopotential height (Fig. 5d) shows positive biases over most of the model domain, and especially northern China and Manchuria, where relatively strong cold advection occurs (See Fig. 3e ). In the surface wind difference fields, the CTRL experiment overestimates not only the southwesterly flows in the region of about 30 N@40 N, but also the easterly flows south of 20 N (Fig. 5e) . The region of overestimated surface wind by CTRL is a major southwesterly monsoon flow region, as well as a weak westerly wind region in the 1994 reanalysis data (See Fig. 3f ). The control simulation intensifies the activity of southwesterly monsoon flows that do not correspond to the negative anomaly of the lower-level wind field of 1994, and that also causes the northward shift of the monsoon front. In the 200 hPa zonal wind difference fields, CTRL strengthened the intensity of zonal wind over north of 40 N, as well as weakened it over the subtropical region south of 40 N (not shown). Hence, the upperlevel jet stream in the control simulation is strengthened over Manchuria and shifted northward compared to NCEP/NCAR reanalysis. Also, comparing the anomalous field of 200 hPa analysis wind (Fig. 3d) , the control simulation considerably reduces the intensity of the upperlevel zonal wind south of 40 N. Overall, CTRL results slightly correspond to the reanalysis data in the upper-level fields, while they are significantly different from the reanalysis in the lower-level wind and surface variables such as sea level pressure, ground temperature and precipitation. Specifically, the model produces systematic errors of positively biased sea-level pressure over the ocean and vice versa over the land, negatively biased ground temperature over northern and southern China, and positively biased precipitation over northern China. The bias patterns of the model at and near the surface are in roughly opposite signs to those of the anomaly reanalysis fields shown in Fig. 3. 
Roughness length experiments
In this subsection, we focus on ZOEXP because the experiment results using the roughness length of ten times greater than in CTRL did not produce much different patterns from the ZOEXP results except in slightly more strengthened. Figure 6 shows the difference fields between ZOEXP and CTRL. The SLP differences (Fig. 6a) are positive in zonally oriented manner in the regions north of 30 N except in northern Manchuria and the ocean north of 40 N, while negative over farther southern China and the ocean south of Japan. The maximum values of these SLP differences are not large enough to overcome those of the difference between CTRL and the reanalysis.
For the ground temperature (Fig. 6b) , there are slightly positive temperature differences over Manchuria and some areas of Mongolia, where there are significantly negative differences between CTRL and the reanalysis. Also, in the central and southern China region, the signs of ground temperature difference between ZOEXP and CTRL are reverse to those between CTRL and the reanalysis. The magnitude of these ground temperature differences is the same order as those in the differences between CTRL and the reanalysis. In the NCEP/NCAR reanalysis, the 1994 summer SLP and ground temperature show a very large positive anomaly over Manchuria and Korea as shown in Fig.  3 , so that ZOEXP simulates the positive impacts on the surface variables. Furthermore, there are significant differences in the precipitation rate between the two simulations (Fig.  6c) . In ZOEXP, more precipitation is simulated over the regions north of 45 N, central and southern China, the East China Sea, and the south part of Japan, while less precipitation is over southern Manchuria and the East Sea. This difference pattern is comparable to the 1994 anomaly pattern of precipitation in the reanalysis data (see Fig. 3c ), if it is taken into account that the simulated monsoon fronts are shifted 5-7 N further northward. This will be discussed in the next section.
The 500 hPa geopotential height is decreased over most of the model domain, except for the region between 40 and 50 N latitude in ZOEXP, which implies that the warm bias of the midtroposphere is reduced (Fig. 6d) . The southwesterly surface winds in ZOEXP (Fig. 6e) are weakened in central China, the Yellow Sea, and over the ocean south of Korea and Japan. In addition, the easterly flows are weakened over the ocean along the 20 N region. This is an evidence that ZOEXP reduces the northward shift of the monsoon front of the control experiment due to weakened lower-level southwesterly flows, as well as enhances of the cyclonic circulation over the region about 20@30 N. The 200 hPa wind field did not indicate any significant differences in the magnitude between the Fig. 6 . Same as in Figure 5 except for the differences of ZOEXP simulation from CTRL simulation.
Differences greater than 0.5 ms À1 in are shaded in (e).
two simulations, but ZOEXP strengthened the westerly zonal wind about near its maximum area (not shown).
In the ZOEXP simulation, the increased ocean roughness length reduces the model biases, resulting in the simulation closer to the anomalous patterns of the 1994 summer monsoon. In addition, the impacts are much pronounced near the surface while the effects are minimal in the upper air circulations with increasing height. As the roughness length over the oceans is increased, the ocean surfaces become rougher followed by increased friction and decreased wind. Thus, the impact of the increased ocean roughness length greatly contributes to the regions, where surface cyclonic systems and typhoons related to relatively stronger monsoon flows are active. The regions in which these effects largely take place in the model domain are Japan, Korea and the central coastal areas of China.
Impacts of the ocean roughness length
In order to examine the sensitive areas to the impact of the increased ocean roughness length, the sensible and latent heat flux differences between ZOEXP and CTRL were calculated (Fig.  7) . The increased surface drag coefficient with increased surface roughness length over the ocean results in more significant changes in the surface energy budget over the land rather than the ocean itself because observed SST was provided in the model simulation. The maximum changes in the surface fluxes occur over central China, southern Manchuria and the northern part of Korea. These areas correspond to the region where there are the maximum anomalies in the ground temperature and precipitation in the reanalysis data ( Fig. 3b and c) . The maximum change of surface fluxes also occurs in the region of active surface thermal lows, that is, over central and northern China. The region also corresponds to the northernmost reach of low-level southwesterly to southeasterly monsoon winds. In the ZOEXP, the larger sensible heat fluxes (Fig. 7a) which take place in the land surface over northeastern China, cause higher ground temperature in the area while less sensible heat fluxes lower ground temperature over eastern coastal China (see Fig. 6b ). The differences of the latent heat fluxes (Fig. 7b) indicate a reverse pattern to those of the sensible heat fluxes. In ZOEXP, the sensible heat fluxes over the ocean are further decreased due to the increased drag coefficient, because the summertime sensible heat flux over ocean is generally negative in the model domain during the simulation period. Note that the latent heat fluxes over the ocean are generally increased as shown in Fig. 7b . Over the land the surface fluxes are influenced by the changed ground temperature, which resulted from the changed atmospheric circulation due to the changes of the roughness length over the ocean. It is easily recognized that the land surface sensible heat fluxes are increased in the regions of the increased ground temperature (Fig. 6b) . The land-surface latent heat fluxes are decreased in the regions of the increased ground temperature due to the decreased precipitation (Fig. 6c) , while they are also increased in the regions of the decreased ground temperature due to the increased precipitation. That is, the surface latent heat flux depends upon the moisture availability at the surface which results from the precipitation. In the ZOEXP simulation, not only the decreased evaporation (and precipitation) over the region north of Korea and northern China, but also the increased evaporation (and precipitation) over central China, are major features that contribute to getting closer to the anomalous 1994 summer climate of the reanalysis than in CTRL. The positive impact region of the latent heat flux closely corresponds to more precipitation region not only over the ocean, but also over the land in the ZOEXP. Figure 8 shows the daily mean time-latitude cross-section and the differences for the 850 hPa zonal wind component along the 125 E longitude line (as shown in Fig. 2 ). In the NCEP/ NCAR reanalysis, the region of westerly flows steadily moves northward from about June 20 till about the end of July, that corresponds to a typical summer monsoon over Korea (Fig. 8a) . In CTRL, the region of simulated westerly flows moves rapidly northward, with the most abrupt northward movement near late June. Then the strengthened westerly flows become almost stationary, with slight variation in magnitude near 45 N. The northward movement of the simulated westerly flows occurs in advance, compared to the reanalysis and their magnitude is much enhanced near 35 N for mid-June and after July 20 (Fig. 8b) . Also, the CTRL weakens the easterly flows between about 20 and 33 N for July. The most distinctive feature appearing in the ZOEXP simulation results (Fig. 8c) is that the abrupt northward jump of the CTRL-simulated main westerly flow is reduced starting near midJune, up to late June. After that, the ZOEXP westerly flows of northernmost monsoon between near 35 and 45 N are also weakened. It is also notable that ZOEXP improves flow patterns in the lower latitude region south of about 35 N closer to reanalysis than CTRL. These effects can be taken into account, due to the reduced low-level wind speed by the increased ocean roughness length. The increased ocean roughness length produces a positive impact on the pattern of wind fields, especially, monsoonal wind fields.
A more significant impact of the increased ocean roughness length appears in the equivalent potential temperature (Fig. 9) . In the timelatitude section of 850 hPa equivalent potential temperature in the NCEP/NCAR reanalysis data, warm and moist air greater than 333 K, which approximately corresponds to the monsoon front with a large north-south temperature gradient, propagates gradually northward along the track of main westerly flows reaching 
45
N up to late July. CTRL simulates earlier, more northward and strengthened summer monsoon front appearing in the equivalent potential temperature field than in reanalysis, that is, similar to CTRL zonal wind fields (Fig.  9b) . However, CTRL-simulated equivalent potential temperature is significantly reduced south of the monsoon front. In the zonal wind, ZOEXP simulates the evolution of significantly reduced monsoon front for the first half of the simulation period. Also, ZOEXP makes remedy to the excessive differences of CTRL from NCEP/ NCAR reanalysis over the ocean area south of 35 N, although the magnitudes are small. The westerly wind is fairly distinct during the jump periods to the south of the monsoon front, which can provide the potential instability as discussed by Hong et al. (1999) . However, in CTRL, after early June the monsoon front moves northward as shown in Fig. 9b , so that the precipitation mechanism does not seem to be triggered due to the lack of moisture resources.
We compared the simulated precipitation of CTRL and ZOEXP to the observation in the sub-regions (see Fig. 2 ), in which major monsoon precipitation occurred (Fig. 10) . For the observed precipitation data, the global daily precipitation data archived at NCEP/CPC were used in central China, Southern China and Japan excluding Hokkaido island, and KMA surface observations were used in southern Korea. It is noted that there exist the amount and phase changes of precipitations between the two simulations, before and after about midJuly. The slight changes of precipitation amount appear over southern and central China, while the changes of precipitation phase are significant over southern Korea and Japan. The changes between the two simulations occur in the period 10 June to 20 June. And 15 July-27 July over southern China, Korea and Japan that have more monsoon rainfall, but occur in delay over central China. These main changes in ZOEXP contribute to the decreased low-level westerly flow and north-south temperature and moisture gradient in those periods, as shown in Figs. 8a and b.
In the experiment of the ocean roughness length of 4 Â 10 À3 m (ZOEXP2) that is the ten-time greater than the value of CTRL, the largest impact takes place in June along with slight reduced effects in July and August. Figure 11 shows the June sea surface pressure and precipitation rate of ZOEXP2. The differences between the two ocean roughness length experiments and the control experiment show a good evidence that the effects of the ocean roughness change are systematically produced since both three-and ten-times greater roughness length simulate very similar impacts to each other. The difference fields of June precipitation rate also well indicate the correctness of the northward shift of the early summer monsoon rain belt in the model domain.
Physical interpretations
To find the significance of impacts of the increased ocean roughness length, we calculated the t-values of the differences of the time mean variables at all grids between CTRL and ZOEXP. The most significant difference between the two simulations appeared in the fields of precipitation that can produce more random and complicated physical processes than other varia- bles. The differences of surface heat fluxes between the two experiments indicated somewhat large significant levels with a similar distribution to the precipitation fields. One of the interesting features appearing in the significance tests is that large impact occurred in the precipitation field over the land. This means that the increased ocean roughness length is sensitive to precipitation over land through atmospheric circulations, and complicated physical processes. Figure 12 shows the differences of the surface wind speed and latent heat fluxes averaged over the land and ocean areas between the CTRL and ZOEXP simulations. The increased ocean roughness length reduces the surface wind speed over the ocean during the simulation period since the rougher ocean surface produces the more frictional effect to the wind speed. This effect prevails over the ocean a few periods during the mid-June to mid-July when the monsoon front is active, and during early to mid-August when a tropical cyclone appears in the model domain. Nevertheless, the influence of the increased ocean roughness length persists during the simulation period except for mid-July. Consequently, in ZOEXP simulation the increased drag coefficient enhances the surface moisture flux over the ocean from midJune to the end of August, that increases more moisture in the lower atmosphere. The increased moisture along with the decreased southwesterly low-level flows contributes to not only the better organized monsoon fronts than that of the CTRL simulation, but also the increased monsoon rain over China and the ocean south of Japan (see Fig. 10 ). The most sensitive impact of decreased low-level southwesterly occurs over the region of mid-latitudes of approximately 30@40 N, where the southwesterly monsoon flows and the continental flows interact (Figs. 4 and 6) .
It is important to recognize that changes of lower-level atmospheric circulation due to the reduction of wind speed rather than change of wind speed itself, which is only about 5% in this study, make a role to induce positive impacts in reproducing monsoon precipitation because it is small enough to be compensated with the moisture transport which is about 3% in magnitude. The cooling effect due to evaporation is about 10%. Although the direct impact to the changes of surface flux comes from the increase of drag coefficient, which is more than 20% than that of CTRL experiment, the changes of moisture transport and evaporation cooling also contribute to the surface flux changes. In short, frictional effect to the wind speed over the ocean in ZOEXP experiment provides more moisture convergence along with cyclonic circulation, that is, a favorable condition for more precipitation, which leads to increase of latent heat flux, while decrease of sensible heat flux due to the evaporation cooling. Figure 13 demonstrates the time-latitude sections for the difference of the 850 hPa horizontal gradient of equivalent potential temperature ðj'y e jÞ, relative vorticity, and precipitation rate averaged in the zonal direction from 110 E to 140 E between the two simulations. These analyses can provide a clearer difference between the two simulations in terms of the monsoon front, and cyclone activity. Considering a monsoon front as the area with large val- ues of j'y e j, from Fig. 13a we can easily find the monsoon front migration and cyclone activity from mid-June to early July, and from mid-July to early August. In spite of the small differences, the southward shift of the frontal area also appears persistently for those periods. The vorticity difference field also indicates that the lower-level cyclonic circulations also move southward eventually to shift the monsoon rain belt southward in ZOEXP simulation. The difference in precipitation rate clearly describes the correctness of northward shifted monsoon precipitation simulated by the control experiment for early June till mid-July and for midJuly till mid-August.
Summary and concluding remarks
Three regional climate simulations for the 1994 east Asian summer monsoon using the RegCM2 were performed to investigate the sen- Fig. 13 . The time-latitude sections for the differences of (a) the 850 hPa horizontal gradient of equivalent potential temperature, (b) relative vorticity and (c) precipitation rate averaged in zonal direction from 110 E to 140 E.
sitivity and impacts for the change of ocean surface roughness length. The control simulation (CTRL) used the ocean roughness value of 4 Â 10 À4 m, that is too small in terms of reality. One of the increased roughness length simulations, ZOEXP used 1:2 Â 10 À3 m that is an approximately averaged value calculated from the Charnock's relation, and close to realistic values, and the other (ZOEXP2) used 4 Â 10 À3 m, that is, in general unrealistically large.
In the results of the CTRL simulation, the regional climate model reproduced general characteristics of the upper air circulations for the summer monsoon reasonably well with slight biases. However, the model showed systematic errors especially for the surface variables. The model-simulated positively biased sea level pressure over the ocean, and negative biases over the land, for the simulation period. In addition, the control simulation produced more precipitation over northern China, Korea, and Japan, and less precipitation over southern China and wide ocean area. Comparing with the NCEP/NCAR reanalysis data, the RegCM2 did not appropriately simulate the 1994 east Asian summer monsoon climate, that was relatively dry.
The increased ocean roughness length in ZOEXP affected positive impacts on the 1994 summer monsoon simulation, generally reducing the lower tropospheric model biases resulted from CTRL and being better close to the NCEP/NCAR reanalysis. The ZOEXP experiment produced the anomalous features closer to the 1994 extreme summer climate than in CTRL experiment not only over the ocean but also over land. The impacts of the changed ocean roughness length were more significant near the land surface and appeared in the temporal evolution of the monsoon front, reducing the intensified northward reach of the southwesterly flow and the thermal ridge of the control simulation. The largest changes of sensible and latent heat flux due to the increased ocean roughness took place over southern Manchuria and east central China, which are the region of summertime storm tracks in the model domain, as well as the northernmost reach of low-level monsoon flows. Therefore, the sensitive regions, especially over the land areas, to the increased ocean roughness length are closely related to active lower tropospheric circulations. The precipitation patterns in the roughness length experiment were directly resulted from the changes of the low-level circulations caused by the changes of surface energy budgets due to the increased ocean roughness length, in spite of slight improvements of precipitation. According to the area-mean precipitation in the sub-regions (Fig. 10) , the increased ocean roughness length altered the phase changes of precipitation in southern Korea and Japan, and the precipitation amount over central and southern China. As shown in a significance test, the most significant differences between CTRL and ZOEXP appeared in the precipitation over the land, implying that considerable changes of lower tropospheric circulations took place through complicated physical processes.
The increased roughness length over the ocean enlarged the drag coefficients through the processes in the surface energy budget. The increased drag coefficients not only enhance the surface moisture convergence and heat fluxes over the ocean but also decreased the lower tropospheric wind speed over the mid-latitude land as well as the ocean. The increased moisture convergence along with the decreased lowlevel southwesterly flows contributes to not only the organized monsoon fronts but also the appropriate northward movement of the monsoon fronts with the increased monsoon rain.
Although a realistic constant value (1:2 Â 10 À3 m) of the roughness length over ocean was used for the three summer months, the simulated results contributed to a considerable remedy for the overestimated northward movement of the east Asian summer monsoon. The ZOEXP2 using the ocean roughness length of 4 Â 10 À3 m only revealed stronger intensities than in the ZOEXP simulation except for minor localized different features. The value of 4 Â 10 À3 m could be unrealistically too large in most ocean areas in this case. The order of magnitudes of atmospheric response resulted from the changes of ocean roughness length in this study are similar to those that resulted from tropical SST anomalies shown in the Lau's study (1997) .
In this study, there were limitations for interpretation of the simulated results, because of a fixed roughness length over the oceans that provided similar forcings to the atmosphere.
However, as discussed in the beginning of our paper, we focused on the understanding of the impact of the ocean roughness length on the long-term integration of the regional climate. Empirical magnitudes and sizes of the ocean roughness based on ocean conditions should be taken into account for regional climate modeling, if the ocean roughness length would not be correctly calculated.
